Abstract iso-Migrastatin (iso-MGS) has been actively pursued recently as an outstanding candidate of antimetastasis agents. Having characterized the iso-MGS biosynthetic gene cluster from its native producer Streptomyces platensis NRRL 18993, we have recently succeeded in producing iso-MGS in five selected heterologous Streptomyces hosts, albeit the low titers failed to meet expectations and cast doubt on the utility of this novel technique for large-scale production. To further explore and capitalize on the production capacity of these hosts, a thorough investigation of these five engineered strains with three fermentation media for iso-MGS production was undertaken. Streptomyces albus J1074 and Streptomyces lividans K4-114 were found to be preferred heterologous hosts, and subsequent analysis of carbon and nitrogen sources revealed that sucrose and yeast extract were ideal for iso-MGS production. After the initial optimization, the titers of iso-MGS in all five hosts were considerably improved by 3-18-fold in the optimized R2YE medium. Furthermore, the iso-MGS titer of S. albus J1074 (pBS11001) was significantly improved to 186.7 mg/L by a hybrid medium strategy. Addition of NaHCO 3 to the latter finally afforded an optimized iso-MGS titer of 213.8 mg/L, about 5-fold higher than the originally reported system. With S. albus J1074 (pBS11001) as a model host, the expression of iso-MGS gene cluster in four different media was systematically studied via the quantitative RT-PCR technology. The resultant comparison revealed the correlation of gene expression and iso-MGS production for the first time; synchronous expression of the whole gene cluster was crucial for optimal iso-MGS production. These results reveal new insights into the iso-MGS biosynthetic machinery in heterologous hosts and provide the primary data to realize large-scale production of iso-MGS for further preclinical studies.
Introduction
Natural products play an important role in the treatment of human diseases (Newman 2008) . In the past two decades, an explosive growth in the cloning and sequencing of gene clusters encoding natural product biosynthesis and our increasing knowledge of these biosynthetic machineries have greatly accelerated the progress in expressing biosynthetic gene clusters in heterologous hosts for natural product production (Galm and Shen 2006) . This technology can be used to produce natural products derived from slowgrowing or even uncultured microorganisms, and to activate the biosynthetic potential of microbes from certain "silent" pathways (Wenzel and Muller 2005) . Although the unexplored capacity of each heterologous host for the production of a natural product poses a possible bottleneck for its further application, the feasibility of producing complex natural products in model heterologous hosts has clearly been demonstrated (Sosio et al. 2000; Martinez et al. 2004; Zhang et al. 2008) .
iso-Migrastatin (iso-MGS, Fig. 1 ) is a 12-membered macrolide belonging to the class of glutarimide-containing polyketides (Woo et al. 2002) , which includes lactimidomycin (LTM), migrastatin (MGS), and dorrigocins (DGNs) (Fig. 1) . This family has been actively pursued recently because its members represent outstanding candidates for the development of antimetastasis agents (Reymond and Cossy 2008; Ju et al. 2008 Ju et al. , 2009 ). Both MGS and DGNs have been shown to be shunt metabolites of iso-MGS via H 2 O-mediated rearrangements, whereas iso-MGS is the only bona fide natural product biosynthesized by the native producer Streptomyces platensis NRRL 18993 (Ju et al. 2005) . In addition to potently inhibiting human tumor cell migration, iso-MGS is also an antagonist of the muscarinic acetylcholine receptor, is associated with the suppression of multidrug resistance, and is being applied to the study of signal transduction pathways (Nakae et al. 2006; Takemoto et al. 2006; Lim et al. 2009 ).
We have recently cloned and characterized the iso-MGS biosynthetic gene cluster from S. platensis NRRL 18993 ) and succeeded in developing a bacterial artificial chromosome (BAC) vector-based technology to produce iso-MGS in five selected Streptomyces heterologous hosts ). However, the titers of iso-MGS in these engineered strains were still low under the set of media and fermentation conditions tested ), prompting a more thorough examination of fermentation conditions and genetic analyses for these strains. The selection of suitable fermentation conditions may activate or improve the metabolite production, whereas the proper regulation and expression of the exogenously introduced iso-MGS gene cluster are prerequisite for the optimal production of iso-MGS in the heterologous hosts. To quantitatively investigate the relationship between iso-MGS gene expression and iso-MGS titer, as well as the interactions among the 11 genes within the iso-MGS gene cluster, a real-time quantitative reverse-transcription PCR (qRT-PCR) suitable for the accurate measurement of low level mRNA gene expression (Fleige et al. 2006 ) was applied to quantify the mRNA expression of iso-MGS genes under both original and optimized fermentation conditions.
We report here (1) titer improvement of iso-MGS in five heterologous Streptomyces hosts by rational fermentation optimization and (2) systematic analysis of mRNA expression of the iso-MGS gene cluster in Streptomyces albus J1074 under different culturing conditions by quantitative RT-PCR. ) and maintained as spore suspensions in 20% glycerol at −20°C.
Materials and methods

Streptomyces
Media and culture condition ISP-4 (Difco) medium was employed for strain sporulation, with addition of 25 μg/mL apramycin. B2 medium (Nakae et al. 2000; Feng et al. 2009 ), R2YE medium (Hopwood et al. 2000) , and YEME medium (Hopwood et al. 2000) were applied as production medium, respectively. The fermentations of recombinant strains were described previously ). Isolation and HPLC analysis of iso-MGS produced by the recombinant strains Isolation of iso-MGS from fermentation broth was previously described ). iso-MGS sample (15 μL) was subjected to HPLC analysis on an Agilent 1100 system equipped with variable wavelength detector. The mobile phase was comprised of buffer A (15% CH 3 CN in H 2 O containing 0.1% HOAc pertained to the entire buffer mixture) and buffer B (80% CH 3 CN in H 2 O containing 0.1% HOAc pertained to the entire buffer mixture). Analytical HPLC was conducted using an Agilent TC-C18 column eluted with a linear gradient of 100% buffer A and 0% buffer B to 20% buffer A and 80% buffer B over 20 min, followed by 10 min at 20% buffer A and 80% buffer B at a flow rate of 1.0 mL/min with UV detection at 205 nm.
Medium optimization B2, R2YE, and YEME media were evaluated for the selected recombinant strains, respectively. For each individual strain, the medium most amenable to high production of iso-MGS was chosen as the starting point for fermentation optimization. Major components of the target production medium, such as carbon sources and nitrogen sources, were then examined individually to determine their contribution towards the production of iso-MGS.
Two new hybrid media were designed by exchanging the C sources of R2YE and B2 media. Hybrid R-B (HRB) medium [2% glycerol, 2% dextrin, 0.5% yeast extract, 0.573% N-tris (hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES free acid), O 10 mg/L); after autoclaving, 15 mL/L 20% L-proline, 10 mL/L 0.5% KH 2 PO 4 , 7 mL/L 1 M NaOH, and 4 mL/L 5 M CaCl 2 ·2H 2 O were added] and Hybrid B-R (HBR) medium (10% sucrose, 1% glucose, 1% Bacto soytone, 0.3% yeast extract, 0.2% (NH 4 ) 2 SO 4 , 0.2% CaCO 3 , pH 7.0) were tested as production media for SB11001, respectively.
When NaHCO 3 was regarded as possible precursor, after autoclave sterilization, different concentrations of NaHCO 3 were added into HBR medium and the optimized HBR medium around 48 h without pH adjustment, respectively.
Real-time quantitative reverse-transcription-PCR in SB11001 SB11001 was cultured in R2YE medium, YEME medium, B2 medium, and optimized HBR medium, respectively. For R2YE medium and optimized HBR medium, cells were sampled from culture broth at 24, 36, 48, 60, 72, 84, 96 , and 108 h, respectively. For YEME medium and B2 medium, cells were sampled from culture broth at 24, 48, 72, and 96 h, respectively. Each seed broth used for inoculation was set as the control point (0 h) of the corresponding medium.
Each sample was collected by centrifugation for 10 min at 6,000×g and washed with ddH 2 O twice at ambient room temperature; the resulting pellet was immediately frozen at −80°C. After motorized grinding with liquid nitrogen, the powder of mycelia was re-suspended in the TRIzol Reagent (Invitrogen). RNA isolation was performed according to the manufacturer's instruction. Total RNA preparations were treated with DNase I to eliminate possible chromosomal DNA contamination. The absence of DNA contamination was checked by PCR, using primers corresponding to 16S rRNA gene (Table 1 ). The concentration and purity of total RNA were determined from the 260 nm/280 nm ratio. Integrity of RNA was checked by running 1 μg of RNA on a 1% agarose gel.
qRT-PCR reactions were carried out using TOYOBO ReverTra Ace® qPCR RT Kit. The fluorescent quantitative PCR reaction was carried out using ABI PRISM® 7500. Table 1 . Ninety-six (or fewer) replicated reactions of identical cDNA were performed using real-time PCR SYBR I Green detection. A master mixture containing all of the ingredients was pipetted into individual tubes of a 96-well reaction plate. Relative quantitation method was used to quantify gene expression changes, and 16S rRNA was used as the internal control. The samples were subjected to real-time PCR, and the analysis of individual C T values was completed automatically by the software of ABI PRISM® 7500.
Results
Media and hosts compared and preferred strains selected for future optimization
In addition to the B2 medium and R2YE medium that were successfully used previously for iso-MGS production in the selected heterologous hosts ), YEME medium was also widely employed as a production medium (Hopwood et al. 2000; Galm and Shen 2006) . These three commonly used production media were evaluated for iso-MGS production with all five recombinant strains. The titers of iso-MGS in B2, YEME, and R2YE media are shown in Table 2 . Comparably, R2YE medium was found to best support iso-MGS production in different strains and was therefore chosen as the starting point for fermentation optimization.
C-source optimization
The carbon source is essential to various primary or secondary metabolic pathways (Olano et al. 2008) . With the invariable 20 g/L glucose in the medium, ten different carbon sources, including sucrose, glucose, dextrin, glycerol, soluble starch, galactose, maltose, fructose, mannitol, and xylose, were tested respectively, each in the concentration range from 50 to 200 g/L. As summarized in Table 3 , sucrose, glucose, dextrin, and soluble starch could support cell growth well.
Mannitol could only moderately satisfy cell growth, while xylose could not be utilized by the cells. The utilization of Lgalactose, maltose, and fructose was distinct in different strains; SB11004 and SB11005 preferred these carbon sources. Cell growth was not synchronous with iso-MGS production. For example, the use of glucose dramatically improved cell growth, yet no iso-MGS could be detected in the broth. The production of iso-MGS was significantly affected by carbon sources (see Table 3 ). As a result, sucrose was chosen as the candidate and combined with 20 g/L glucose to form a complex main carbon source in the production medium. Comparably, SB11001, SB11002, and SB11003 showed better productivity than SB11004 and SB11005.
As shown in Fig. 2 , various initial sucrose concentrations in the range of 30.0-550 g/L were investigated for the different strains to determine the optimal sucrose concentration. The results indicate that SB11001 and SB11002 may be the better recombinant strains for iso-MGS production of the five heterologous hosts compared. With 100 g/L sucrose, the highest titer of iso-MGS in SB11001 was 43.8 mg/L; whereas with 250 g/L sucrose, the highest titer of iso-MGS in SB11002 was 66.7 mg/L. Thus, these two strains were chosen for further fermentation optimization.
N-source optimization N sources play a central role in the growth of microorganisms and the biosynthesis of secondary metabolites. Based on the C-source optimization results (100 g/L sucrose for SB11001 and 250 g/L sucrose for SB11002), seven different nitrogen sources, including corn flour, soybean flour, malt extract, corn gluten meal, fish meal, polypeptone, and yeast extract, were evaluated at a concentration of 10 g/L.
The results clearly indicate that yeast extract was the best organic nitrogen source for high iso-MGS production in both SB11001 and SB11002 (Fig. 3a) . Subsequent determination of optimal yeast extract concentration was executed in SB11001 and SB11002, with the range of concentrations from 1.0 to 25 g/L. Results (Fig. 3b) Hybrid medium evaluation for SB11001
The product profiles of SB11001 in B2 medium were much simpler than in R2YE medium ), prompting us to combine their merits and achieve better and cleaner production of iso-MGS. Thus, HBR medium and HRB medium with exchanged carbon sources were evaluated for SB11001, respectively. The titer of iso-MGS in HBR medium was 66.2 mg/L, much higher than that in HRB medium (11.7 mg/L). Subsequently, a simple orthogonal design had determined the optimal composition of C ). Accordingly, NaHCO 3 was regarded as a possible precursor and evaluated in the concentration range of 0 to 3 g/L for iso-MGS production. Different concentrations of NaHCO 3 were added into HBR medium and optimized HBR medium around 48 h, respectively. The iso-MGS titers were improved to 104.9 mg/L (about 60% higher) in HBR medium and 213.8 mg/L (about 11% higher) in optimized HBR medium, respectively, with 2 g/L NaHCO 3 (Fig. 4) .
qRT-PCR results
We have previously cloned the iso-MGS gene cluster from S. platensis NRRL 18993, defined the cluster to consist of one regulatory gene (mgsA) and ten biosynthesis genes (mgsBCDEFGHIJK), and proposed a pathway for iso-MGS biosynthesis ( Fig. 5) ). To quantitatively investigate the relationship between iso-MGS gene expression and iso-MGS titer, as well as the interactions among the genes within the cluster, qRT-PCR was applied to quantify the mRNA expression of all 11 genes under the original and optimized culture conditions. The expressions of all iso-MGS genes were compared in different fermentation media, including optimized HBR, R2YE, YEME, and B2. To emphasize the changes of gene expression during the time course, the value of −ΔΔC T was set as the ordinate to present the relative change of iso-MGS gene expression. The time course of cell growth and iso-MGS production of SB11001 in these four media were also determined, and each medium showed distinct timecourse profiles (Fig. 6) . The iso-MGS specific productivity (mg iso-MGS/g DCW) was directly correlated with the amount of mRNA derived from the same quantity of cells, in which the relationship between the production of iso-MGS and the expression of iso-MGS genes could be reflected. The comparison indicates that the optimized HBR medium was the best candidate to support both cell growth and high production of iso-MGS. While SB11001 could grow moderately well in the B2 medium, iso-MGS production was largely absent under these growth conditions.
Transcription of ten (mgsBCDEFGHIJK) of the 11 genes within the iso-MGS cluster, with the exception of mgsA, was successfully detected via qRT-PCR analysis. Each transcribed gene presented the characteristic expression change pattern in the respective medium during the fermentation process (Fig. 7) . In general, the expression of iso-MGS genes in the B2 medium and YEME medium were comparably stable. The expression of six genes (mgsBDFGHI) in the B2 medium fluctuated slightly during the fermentation, while only two genes (mgsBE) in the YEME medium showed altered expression levels. On the other hand, the gene expressions in either R2YE medium or optimized HBR medium were significantly changed especially during the late phase of fermentation, when the production of secondary metabolites dominated the fermentation process. Most genes showed similar expression change patterns in the optimized HBR medium. The expression started to increase around 60 h and to peak at 72 h. Following a quick relapse, the expression continued to increase until the end of fermentation. The only two exceptions were mgsC and mgsE. The expression of mgsC decreased at the end of fermentation. The expression of mgsE peaked at 84 h instead of 72 h, and showed a distinguishably high expression level at the end of fermentation. The situation in the R2YE medium was more complicated. The expression of seven genes (mgs Fig. 4 Effect of NaHCO 3 addition in two hybrid media on iso-MGS production by host strain SB11001. Filled squares-HBR medium, filled circles-the optimized HBR medium BCFGHIJ) began to increase at 72 h and reached a significantly high level at the end of fermentation. The expression of mgsD and mgsE were highly enhanced during the 72-h to 84-h interval but quickly relapsed after that until the end of the fermentation. The clear zigzag expression pattern of mgsK was very unique.
Discussion
Expression of biosynthetic gene clusters in heterologous hosts for natural product production is playing an increasing role in natural product-based drug discovery and development programs (Galm and Shen 2006) . However, the initial titers of natural products in heterologous hosts are often low, likely due to the lack of a native environment that is necessary for the full expression of the target gene cluster. The engineered recombinant strains, therefore, must be complemented with the proper choice of fermentation medium to support cell growth and efficient functional expression of the target biosynthetic machinery. iso-MGS, isolated originally from S. platensis NRRL 18993, has been previously produced in five Streptomyces heterologous hosts, but the potential of this strategy was not Fig. 5 Organization of the MGS gene cluster (a) and proposed biosynthetic pathway for iso-MGS and its biosynthetic relationship to MGS and DGN A, 13-epi-DGN A, and B (b) ). ACP acyl carrier protein, AMT aminotransferase, AT acyltransferase, DGN dorrigocin, DH dehydratase, iso-MGS iso-migrastatin, KR ketoreductase, KS ketoacyl synthase, MGS migrastatin, MT methyltransferase, PKS polyketide synthase, TE thioesterase, ? domain of unknown function fully realized due to the low iso-MGS titers in these hosts ). To explore the capacity of these engineered recombinant strains, a systematic fermentation optimization approach was taken to optimize iso-MGS titer in each host. S. albus J1074 (as exemplified by SB11001) and S. lividans K4-114 (as exemplified by SB11002) were found to be better hosts for iso-MGS production than the other three. Subsequent evaluation of common carbon and nitrogen sources indicate that sucrose and yeast extract, respectively, are suitable for iso-MGS production by S. albus J1074 (pBS11001) and S. lividans K4-114 (pBS11001). After initial optimization, the titers of iso-MGS in all five hosts were considerably improved by 3-to 18-fold in the optimized R2YE medium (Table 2) , the highest of which was 128.6 mg/L by S. albus J1074 (pBS11001).
The product profiles of SB11001 in B2 medium were much simpler than those in the optimized R2YE medium. Thus, two hybrid media, derived from optimized R2YE medium and B2 medium in which carbon sources were exchanged, were subjected to analysis. Iso-MGS titers resulting from the HBR medium were superior to those obtained from the HRB medium. The subsequent threefactor/three-level orthogonal design, which focused on major medium components, including sucrose, Bacto soytone, and yeast extract, revealed the optimal composition of improved HBR medium to be 20% sucrose, 1% glucose, 2% Bacto soytone, 1.5% yeast extract, 0.2% (NH 4 ) 2 SO 4 , and 0.2% CaCO 3 . The application of this medium afforded an iso-MGS titer of 186.7 mg/L. This result not only provided us a simpler medium to support better iso-MGS production but also suggested a new approach for optimization of traditional medium. This strategy may be particularly useful for the improvement of natural product production in heterologous hosts due to the unnatural relationship between the exogenously introduced gene clusters and the selected hosts.
The discovery of the relationship between bicarbonate and iso-MGS production was surprising. NaHCO 3 usually is not a common constituent for fermentation media, but our results, derived from both original and optimized HBR media, clearly show that NaHCO 3 plays an important role in iso-MGS production. While NaHCO 3 may not directly contribute to iso-MGS production, it surely plays a critical role in the biosynthesis of malonyl-CoA, the major precursor for iso-MGS biosynthesis. Thus, improvement of other pathways related to the target metabolite biosynthesis is another alternative way to enhance the metabolite production.
Furthermore, the systematic qRT-PCR analyses of S. albus J1074 (pBS11001) in four different media were 
Culture time (h) (C) Fig. 6 Time-course comparisons of cell growth (a), iso-MGS concentration (b), and specific iso-MGS productivity (c) with SB11001 strain among in four different media. All the shake flask experiments were carried out in triplicate. The iso-MGS titer in the figure was the average value of three parallel tests, and all the standard deviations were less than 8%. Filled squares-R2YE medium, filled triangles-B2 medium, filled down-pointing triangles-YEME medium, filled circles-optimized HBR medium Fig. 7 qRT-PCR results of iso-MGS gene transcription with SB11001 strain among in four different media. The value in the figures was the average value of two parallel tests in individual tubes of a 96-well reaction plate, and the analysis was completed automatically by the instrument with standard deviations less than 5%. Filled squares-R2YE medium, filled triangles-B2 medium, filled down-pointing triangles-YEME medium, filled circles-optimized HBR medium carried out to investigate the relationship between gene expression and metabolite production and to better understand the iso-MGS biosynthetic machinery. The RT-PCR analysis revealed that ten of the 11 iso-MGS genes, with the exception of mgsA, were successfully transcribed in the heterologous hosts. This result was further confirmed by quantitative PCR detection. Interestingly, mgsA has been previously characterized as a transcriptional activator essential for MGS and DGN production ), but its function seemed more ambiguous in the heterologous hosts. There are several speculations for this unexpected observation: (1) as a activator gene, very low levels of mgsA expression could satisfy the transcription of the iso-MGS biosynthetic machinery, so the mRNA concentration of mgsA in cells was too low to be detected; or (2) though mgsA may not be transcribed in the heterologous hosts, its biosynthetic function was performed by a homolog endogenous to the heterologous hosts. Based on the time-course results and qRT-PCR analysis (Figs. 6 and 7), changes to the expression profiles of most genes in B2 medium and YEME medium were minor, explaining the inert activity of iso-MGS biosynthetic machinery and low titers of iso-MGS specific production. On the contrary, though the gene expression levels in the R2YE medium were much higher than those in the optimized HBR medium, iso-MGS specific production in the latter was about 2-fold higher. Thus, the production of iso-MGS is impacted but not directly related to the expression level of its corresponding gene cluster. Moreover, the comparison of gene expression in the B2 medium and the YEME medium revealed that the type-II thioesterase MgsB may not pay a key role in iso-MGS biosynthesis. In contrast, the first polyketide synthase (PKS) MgsE and the amidotransferase MgsD may be extremely important in determining iso-MGS production (Fig. 5) since the expression profile difference of these corresponding genes could significantly affect the production of iso-MGS. The results obtained for the optimized HBR medium and the R2YE medium support this hypothesis (Fig. 7) . Furthermore, the gene expression in the optimized HBR medium was the most synchronous one among all four media tested examined. This clearly suggests that the coordinated expression of the whole gene cluster rather than the individual gene is more crucial to the overall titer for the production of the target natural product in heterologous hosts.
Through the application of traditional single factor optimization, hybrid medium strategies, and the addition of a possible substrate, bicarbonate, to enhance precursor biosynthesis, the titer of iso-MGS in the heterologous host S. albus J1074 (as exemplified by recombinant strain SB11001) has been improved to 213.8 mg/L, which is about 4-and 5-fold higher than the titers reported previously for the native producer and the SB11011 recombinant strain, respectively ). This result lends further support to the expression of biosynthetic gene clusters in heterologous hosts as a promising alternative for natural product production and offers a viable route for iso-MGS production by large-scale fermentation. Moreover, subsequent qRT-PCR analysis has provided insight into the relationship between biosynthetic gene expression and metabolite production in the heterologous hosts. An improved understanding of medium constituents and biosynthetic gene expression will greatly facilitate iso-MGS production on scales necessary for the further development of this agent and related analogs as antimetastasis agents and other clinically important therapeutics.
